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Abstract 


In the generic phase diagram of heavy fermion systems, tuning an external parameter such 
as hydrostatic or chemical pressure modifies the superconducting transition temperature. The 
superconducting phase forms a dome in the temperature-tuning parameter phase diagram, 
which is associated with a maximum of the superconducting pairing interaction. Proximity 
to antiferromagnetism suggests a relation between the disappearance of antifeiTomagnetic or¬ 
der and superconductivity. We combine muon spin rotation, neutron scattering, and x-ray 
absorption spectroscopy techniques to gain access to the magnetic and electronic structure of 
CeCo(Ini_3;Cda;)5 at different time scales. Different magnetic structures are obtained that in¬ 
dicate a magnetic order of itinerant character, coexisting with bulk superconductivity. The 
suppression of the antiferromagnetic order appears to be driven by a modification of the band- 
width/carrier concentration, implying that the electronic structure and consequently the in¬ 
terplay of superconductivity and magnetism is strongly affected by hydrostatic and chemical 
pressure. 


Understanding the interactions between superconductivity and magnetism in heavy fermion 
systems is one of the greatest challenges of condensed matter physics, often presented as a key to 
unveil the mechanism of unconventional superconductivity. In the generic phase diagram of these 
systems (see typically Fig. 1), superconductivity arises in proximity to a second order magnetic 
phase transition, possibly leading to a quantum critical point (QCP)^. The identification and the 
understanding of QCPs play a major role in the search of the pairing mechanism. A softening of 
an excitation mode (phonon, magnon,...) occurs at a QCP Shall this mode be related to the pairing 
interaction, a maximum in the superconducting (SC) coupling would be observed^. In any case, it 
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appears rather probable that the same meehanism eauses the suppression of the magnetie state and 
the rise of supereonduetivity. 

The tetragonal system CeCoIns has the highest SC transition temperature (Tc~2.3 K) among 
the eerium based heavy fermion family^, and a pressure indueed QCP at pc — 0.4 GPa (red star in 
Fig. 1) as determined by SC parameters^ (maximum SC eoupling and pair breaking). Extrapola¬ 
tion of Pc from the normal state is more diffieult and has led to a value in the range: -0.5 GPa to 
1.3 GPa^^^. The antiferromagnetism, often believed to be at the origin of the QCP, ean be revealed 
by different doping: (i) Cd or Zn at the In site'’^°, (ii) Rh at the Co site^' or (iii) Nd at the Ce 
site*^. Antiferromagnetism is also found by applying a large magnetie field in the (a, &)-plane^^’^^ 
(~ 10 — 11.5 T). The antiferromagnetie (AFM) strueture was fully resolved in the ease of CeRhIns 
as ineommensurate with in-plane moments mainly loealized on the eerium site forming a spiral 
strueture in the c-axis erystallographie direetion'^’’^. In CeCoIns neutron diffraetion experiments 
report a eommensurate order when the AFM phase is reaehed upon Cd or Rh doping'^’and an 
ineommensurate one in an applied magnetie field'^ or upon Nd doping^^. The eadmium doped 
samples have the same phase diagram eompared to the pure eompound, beside a shift in the pres¬ 
sure seale. They are therefore presented as “equivalent” to negative hydrostatie pressure^ The 
“equivalenee” ean be understood in terms of a larger ionie or eovalent radius for eadmium eom¬ 
pared to indium. Cadmium atoms also eontain an eleetron less than indium atoms and are therefore 
expeeted to inerease the earner eoneentration in the hole eharaeter bands of the Fermi surfaee of 
CeCoIns. Similarly, hydrostatie pressure strongly modifies the eleetronie strueture in CeCoIns as 
shown by the inerease of the number density in the supereondueting phase and the deerease of 
the eleetronie speeifie-heat eoeffieient 7 with pressure. These variations ean be understood as a 
transfer of eharge earriers between the different eleetronie bands under hydrostatie pressure. The 
two band hole sheets are the ones of strong 4/ angular momentum eharaeter believed to play an 
important role in CeCoIns, both for supereonduetivity and antiferromagnetism^k 

The suppression of the AFM phase potentially leading to the QCP and supereonduetivity 
in CeCoIns is usually understood in term of “deloealization” of the Ce4/ eleetrons. In heavy 
fermions systems, at least three different meehanisms ean “deloealize” the Ce4/ eleetrons: (i) the 
Kondo effeet^^, (ii) an inerease in eerium valenee^^, and (iii) the formation/broadening of an elee- 
tronie band of partial Ce4/ eharaeter (Mott deloealization)^^. Eaeh of these effeets ean indepen¬ 
dently introduee the Ce 4/ eleetrons into the Fermi surfaee. Note that Ce 4/ eleetrons belonging to 
the Fermi surfaee (referred to as itinerant) via one of the previous effeets ean still be “deloealized” 
by the two other meehanisms. A variation of the Ruderman-Kittel-Kasuya-Yoshida (RKKY) eou¬ 
pling is unlikely to be the eause of the suppression of the AFM phase as no ferromagnetism was 
reported under higher pressures^. 

An example of a loeal-itinerant transition takes plaee between the parent AFM system 
CeRhIns in whieh most of the Ce 4/ eleetrons do not partieipate to the Fermi surfaee and CeCoIns 
in whieh most of the Ce 4/ eleetrons partieipate to the Fermi surfaee. Sueh transition ean be ob¬ 
served experimentally via a modifieation of de-Haas-van-Alphen frequeneies between CeCoIns^^ 
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and CeRhlns^®. A comparison to the equivalent lanthanum system, which has no 4/ electrons, 
leads to the same conclusion: The volume of the Fermi surface is modified upon lanthanum dop¬ 
ing in Cei-^La^CoIns and stays constant in Cci-^La^Rhlns^^. The AFM transition in this fam¬ 
ily is however not direetly related to the loeal-itinerant transition. In the intermediate system 
CeRhi_yCOyIn 5 a reeonstruetion of the Fermi surfaee oeeurs at r/ = 0.4, assoeiated with partial in¬ 
elusion of the Ce 4/ eleetrons into the Fermi surfaee for r/ > 0.4, while antiferromagnetism persists 
up to 1 / ~ 0.8*^ Similarly, in CeCo(Ini_ 3 .Cd 3;)5 the variation of the Fermi volume with x is weak 
and eomparable to the ease of LaCo(Ini_ 3 .Cd 3;)5 at least up to x = 0.075 whieh is already an AFM 
system^*. The suppression of antiferromagnetism must therefore be ascribed to a “delocalization” 
of itinerant Ce 4/ eleetrons. 

The isostruetural a-'j phase transition of pure cerium shows strong analogies to the AFM- 
paramagnetie transition of heavy fermion systems^^. The large volume ehange of the unit eell at 
the a-'j phase transition is also attributed to one of the “deloealization” meehanisms diseussed 
above^°. The various proposed models are: (i) valence variation of ~ 0.7 (promotional model)^\ 
(ii) Kondo volume collapse modeP^ or (iii) formation of a band of partial Ce 4/ angular momentum 
charaeter (Mott transition)^^. 

The question addressed through the experiments of this study is the origin of the suppression 
of the magnetie order in CeCo(Ini_ 3 ;Cda;) 5 , that is, identifying the “deloealization” meehanism 
and its relation to supereonduetivity. In CeCo(Ini_j;Cd 3 ;) 5 , the AFM phase was probed by muon 
spin rotation (/rSR) and neutron diffraetion. The /iSR teehnique also established the eoexistenee 
of antiferromagnetism with supereonduetivity, while the valenee of eerium was determined by x- 
ray absorption spectroseopy (XAS). A comparison to metallic cerium allows resolving the nature 
of the transition. The eombination of these three different experimental probes allows a deep 
understanding of the ground state of this system that eannot be achieved with a single teehnique. 


Results 

Crystals with negative hydrostatic pressure. Following the work of Pham et al. (Ref. 1) single 
erystals of eomposition CeCo(Ini_a;Cd 3;)5 can be viewed as negative pressure of CeCoIns. The 
aetual doping is x < 0.03. See Supplementary Note S.l, Supplementary Fig S.l and Supple¬ 
mentary Table S.l for a detailed eharaeterization. The SC and AFM transition temperatures for 
samples with various eadmium concentrations were used to determine the position of the samples 
into the phase diagram and their corresponding negative pressure (Fig. 1). Samples of a eorre- 
sponding negative pressure of p = —0.7 GPa and p = —1.45 GPa were used for the pSR experi¬ 
ment while for the XAS experiment the eorresponding pressure was p = 0 GPa (pure system) and 
p = —1.45 GPa. The neutron diffraetion scans were reeorded for the sample with p = —0.7 GPa. 
The samples p = —0.7 GPa and p = —1.45 GPa exhibit a Neel temperature of Tn= 2.06(2) K 
and Tn= 3.04(2) K ,respeetively, while supereonduetivity is found below Tc= 1.95(2) K and 
Tc= 0.52(2) K, respeetively. 
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Figure 1: Phase diagram of CeCo(Ini_3.Cda;)5 with the equivalent “negative” ehemieal pressures 
adapted from Ref. 1 (empty blues and oranges triangles) and positive hydrostatie pressures from 
Ref. 2 (empty oranges eireles). The red star represents the position of the putative QCP'’. The blaek 
dotted lines indieate extrapolations of the AFM state as expeeted in absenee of supereonduetivity. 
In one ease the QCP is assumed to be driven by the AFM transition, while in the seeond ease 
AFM is only found upon Cd doping. The full symbols indieate Tc and Tn determined from speeifie 
heat measurements, for the samples presented in this study. Equivalent negative pressures were 
obtained by eomparison of these transitions with literature values. 
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Figure 2: Scans in the reciprocal space of the neutron diffraction intensity of 

CeCo(Ini_a;Cda;)5, performed along the lines Q=(H, H, 1/2) in (a) and Q=(l/2, 1/2, L) in (h). Re¬ 
ciprocal lattice units (r.l.u.) are used as coordinates of the reciprocal space. The CeCo(Ini_ 3 ;Cda ;)5 
sample has a doping x corresponding to a negative pressure of p = —0.7 GPa. (c) Temperature 
dependence of the neutron diffraction intensity measured at Q=(l/2, 1/2, 1/2). 
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Magnetic order coexisting with superconductivity. The search for magnetic Bragg peaks was 
conducted using the neutron diffraction method. The neutron diffraction intensity was recorded 
in the direction corresponding to the lines (H, H, 0.5) for 0.4 < H < I and (0.5, 0.5, L) for 0.4 
< L < 1 of the reciprocal space, below (1.45 K and 2.01 K) and above (4.98 K) Tn. All the known 
propagation vectors in magnetically ordered compounds related to CeCoIns are located on these 
lines. A single additional Bragg peak at Q=(l/2, 1/2, 1/2) was identified below Tn, corresponding 
to a commensurate propagation vector k=(l/2, 1/2, 1/2) (Fig. 2a,b). Since the position of the 
propagation vector k in the reciprocal space does not change with temperature, the temperature 
dependence of the neutron diffraction intensity at the center of the Bragg peak Q was recorded 
(Fig. 2c). Its variation is proportional to the square of the ordered magnetic moment. The intensity 
of the Bragg peak at Q=(l/2, 1/2, 1/2) vanishes above the Neel temperature of Tn~ 2.1 K. This 
observation allows to relate the additional Bragg peak to the AFM order. The magnetic peaks are 
resolution limited at low temperatures (T = 1.45 K), the broadening of the peaks at T=2.01 K 
allows to estimate in-plane and out-of-plane correlation lengths to .^a(2.01 K) ^c(2.01 K) 140 
A. Given the proximity to Tn, these are large values for and ^c- The amplitude of the ordered 
magnetic moment can be estimated to be m{p = —0.7 GPa) ~ 0.4 ps, which is consistent with 
the estimated moments of m{p = —1.1 GPa) ~ m(p = —1.7 GPa) 0.7pb previously reported 
for higher cadmium concentrations^’’^'*. 

Temperature dependent pSR experiments were performed in zero applied external magnetic 
field (pqH = 0) and in an applied transverse field of poH = 50 — 54 mT. At 1.6 K, in zero applied 
magnetic field, two different configurations of the initial muon spin relative to the sample crystal¬ 
lographic c-axis, sketched in Fig. 3 a and b, were investigated. From the zero field pSR asymmetry 
signal, the amplitude and the orientation of the magnetic field at the muon stopping site as well 
as the magnetic volume fraction were determined. The parameters magnetic fraction and moment 
orientation can be disentangle by the use of two different initial muon spin orientations, as indi¬ 
cated in eq.[3l At low temperatures, all the muons probe a local magnetic field at the muon stop¬ 
ping site. Therefore, the magnetic volume fraction reaches ~ 100 % at low temperatures in both 
samples, in agreement with the nuclear magnetic resonance (NMR) results^'*. For temperatures 
close to Tn in sample p = —0.7 GPa, probably due to the intrinsic dopant distribution, the mag¬ 
netic fraction is reduced and phase separation between paramagnetism and antiferromagnetism is 
observed (see Supplementary Note S.3 and Supplementary Fig. S.2 for details). The internal mag¬ 
netic field at the muon stopping site is reduced by pressure, from i?m(—1.45 GPa) = 11.2(1) mT to 
Bmi—0.7 GPa) = 6.5(2) mT. It also rotates toward the c axis under chemical pressure. Similarly, 
both a reduction and rotation of the cerium magnetic moment were observed in the parent system 
CeRhIns by nuclear quadrupole resonance under hydrostatic pressure^^. 

The Fourier transform of the pSR asymmetry (Fig. 4 ) yields the magnetic field distribution 
at the muon stopping site p{By). For commensurate magnetism, we would expect to observe a 
single internal distribution p{B^), or a discrete set of internal magnetic fields if there are several 
muon stopping sites. Here in contrary, independently of the chemical pressure, we observed a 
continuous distribution of internal magnetic field. The zero field pSR spectra are best described 
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Figure 3: /xSR zero field asymmetry spectra of CeCoCIni-a^Cd^Os. Zero applied magnetie field 
/iSR asymmetry speetra have been reeorded with the initial muon spin direetion (S) oriented par¬ 
allel (a) and perpendieular (b&c) to the erystallographie e-axis. In panel (a) the signals above and 
below Tn are presented for CeCo(Ini_ 3 ;Cda :)5 with a doping indueing an equivalent ehemieal pres¬ 
sure ofp= —0.7 GPa (blaek) and p = —1.45 GPa (red). The oseillation in the asymmetry iA{t)) 
for T = 1.6 K indieates the presenee of a long range magnetie order. In (b) and (c) the asymmetry 
eorresponding to the two sets of deteetors (erosses for up u and down d deteetors relative to the ini¬ 
tial muon momentum, full symbols for baekward b and forward/) is presented for the two samples 
of CeCo(Ini_j;Cd 3;)5 eomposition and equivalent pressure p = —0.7 GPa (b) and p = —1.45 GPa 
(c). 
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Figure 4 : Internal magnetic field distribution p{B^) at the muon stopping site in 

CeCo(Ini_a;Cda ;)5 for a doping inducing an equivalent chemical pressure of p = —0.7 GPa (black) 
and p = —1.45 GPa (red). p{B^) is obtained by Fourier transformation of the magnetic contribu¬ 
tion of the zero field pSR asymmetry spectra (A{t)) at 1.6 K of Fig. 3 (a). 

by a Bessel type depolarization function (blue lines in Fig. 3), which corresponds for p{B^) to a 
broadened distribution of the form (blue lines in Fig. 4): 

P(B,) = ( 1 ) 


In CeCo(Ini_ 3 ;Cda ;)5 a magnetic phase consisting of AFM droplets was proposed from NMR 
experiments^^’Droplets of fixed magnetic moment would form around cadmium impurity 
atoms, the magnetic fraction increasing with doping. Such model appears highly unlikely regard¬ 
ing the internal magnetic field measured by pSR (Fig. 4 ). In a droplet model we would expect 
a magnetic volume fraction of less than 100%. Eventually, diluted microscopic droplets might 
induce a magnetic field in the surrounding non-magnetic regions, however in that case, we would 
expect the shape of the magnetic field distribution to change with doping. Furthermore, the value 
of Bm should be independent of doping in a droplet model in contrary to the experimental result. 

At first sight the muon and neutron studies appears to be incompatible. Indeed, the simplest 
magnetic structure leading to the observed neutron magnetic Bragg peak consists of moments lo¬ 
calized on the cerium atom ordering with the propagation vector k=(l/2, 1/2, 1/2) and forming a 
G-type antiferromagnetic order. In CeCoIns two muon stopping sites were identified. The first 
one (~ 70 % of the muons) is located at position (0.5,0.5,0.5), i.e. in the center of a parallelepiped 
formed by eight cerium atoms^^. The same position was found for CeRhlns^®. At this position, no 
magnetic field will be generated by such simple magnetic structure, in contradiction with the pSR 
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results. Indeed, the first muon stopping site is a eenter of symmetry of the eerium erystallographie 
substrueture of CeCo(Ini_a,Cda ;)5 and regardless of their orientation magnetie moments loeated at 
the eerium site ordering with a propagation veetor k eannot produee a magnetie field at sueh loea- 
tion. The seeond muon stopping site was identified to the position (0.5,0,0) or (0,0.5,0)^^ again in 
a loealized G-type antiferromagnetie strueture no magnetie field is produeed at sueh position irre- 
speetively of the moment direetion at the eerium atom for symmetry reasons. The position of the 
muon stopping site is the main differenee between /iSR and NMR that probe the two strueturally 
different indium atoms. G-type antiferromagnetism ean generate a magnetie field at both positions 
of the indium atoms, while it will not produee a magnetie field at the positions of the muon stop¬ 
ping sites. The values Bm = 6.5 mT and 11.2 mT obtained in the /iSR measurements are not small 
magnetie field for this system, that eould originate from defeets in the magnetie strueture. Indeed, 
the average magnetie field generated by a moment of m =0.4 hb (0.7 value of Refs. 17,34 for 
samples of equivalent negative pressures p = —1.1 GPa and p = —1.7 GPa) on a sphere of radius 
R =5 A (distanee eerium- P' muon stopping site) is Bav = 2piQm/[A tiB?) = 5.9 mT (10.3 mT), a 
value eomparable to Bm- Fluetuations of loealized statie magnetie moments eould only generate 
a Gaussian distribution of field at eaeh muons stopping site eentered at i? = 0, with widths of a 
fraetion of Bav- 

However, both experiments appear to probe the same magnetie order. Indeed, both the am¬ 
plitude and the pressure dependenee of the internal field obtained in the pSR experiment and the 
values of the average field generated by the magnetie moments of the intensity given by the neutron 
experiment are similar. Therefore, a different magnetie strueture must exist that eomplies with the 
results of both experiments. 

The vortex state of CeCo(Ini_ 3 :Cd 2;)5 is eharaeterized by a strong vortex pinning*^, whieh 
was used to determine preeisely the SC fraetion of the sample p = —0.7 GPa. The proeedure 
eonsists in eooling the sample in an external field of poH = 49.8 mT down to 20 mK. The field 
distribution at the muon stopping site is presented in Fig. 5a. The external magnetie field is then 
inereased to PqH = 54 mT. The green eireles in Fig. 5b represent the obtained field distribution. 
Three different eontributions ean be identified. In the SC region, the magnetie field distribution 
remains eentered at poH ~ 50 mT due to vortex pinning. The narrow distribution of fields een¬ 
tered at the applied field {poH ~ 49.8 mT or 54mT) eorresponds to muons stopping in the silver 
sample holder. In panel (b), a third eontribution is obtained with a field distribution eentered at 
PqH ~ 56 mT. A magnetie field larger than the applied one ean be attributed to the eontribu¬ 
tion of supereondueting stray field, originating either from muons stopping in the sample holder 
or in non-supereondueting regions of the sample. In both oases, the muons would stop next to a 
supereondueting region in the plane perpendioular to the applied magnetie field. An unpinned su- 
peroonduoting fraetion is unlikely as the full supereondueting fraetion is pinned in pure CeCoIus*^ 
and oadmium dopants are more likely to inorease the number of pinning eenter than to reduoe the 
pinning potential. By eomparison with other speotra, as the mean magnetie field of this eontribu¬ 
tion is large and the fraetion of muons substantial we believe that this third eontribution is due to 
a sample partially non-supereondueting. In Fig. 5b, the red line represents the fitted probability 
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Figure 5: Vortex pinning in the SC phase of CeCo(Ini_j.Cd3;)5, p = — O.TGPa (field shift 
experiment). The sample is cooled down to 20 mK in an external magnetic field ~ 50 mT 
(field cooled), and the field distribution p{B^) is recorded [black squares in (a) and dashed gray 
line in (h)] . The external magnetic field is then increased to poH ~ 54 mT, and the evolution of 
is analyzed (h). Due to vortices pinning the magnetic field distribution in the SC fraction of 
the sample remains centered at a value i? ~ 50 mT. In contrary muon stopping in the silver sample 
holder probe a narrow distribution of field centered at the value of the applied magnetic field. In (h) 
a third contribution is observed with muons probing a field distribution centered at p^H ~ 56 mT. 
It is attributed to muons stopping in a non-superconducting fraction of the sample. 
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Figure 6 : Valence of different cerium based compounds. M-edges XAS spectra were recorded 
for: (a) CeFa (orange), Ce 02 (green), (b) a-Ce (magenta), 7 -Ce (black) and (c) CeCo(Ini_3.Cda;)5 
of corresponding hydrostatic pressure p = 0 and p = —1.45 GPa respectively. The two systems 
in (a) have a valence of 3+ and 4+, respectively, allowing to determine the intermediate valence 
state of the metallic cerium systems and CeCo(Ini_ 3 ;Cda ;)5 systems to be ~ 3.38 and ~ 3.15, 
respectively [dotted lines in (b) and (c)]. Some curves are shifted vertically for clarity. 


field distribution in the sample, while the blue line is the total fitted field distribution (sample + 
sample holder), assuming three independent Gaussian contributions. We found that 81(5) % of the 
muons stopping in the sample experience a magnetic field of ~ 50 mT indicating pinning of the 
SC vortex lattice. This implies that at least 81(5) % of the sample is SC. At this temperature the 
sample is also ~ 100 % magnetic, demonstrating phase coexistence between magnetism and super¬ 
conductivity. The remaining 19(5)% of the sample volume is probably non-superconducting. It 
might indicate the formation of non-SC droplets around the Cd impurity atoms, in analogy to the 
conclusion of the NMR work^^ or be due to a small doping inhomogeneity (see Supplementary 
Note S.3). Non-SC droplets could also certainly explain the increase of the relaxation in the 
superconducting state with cadmium doping (x) found in the NMR work^"^. 

Absence of cerium valence transition and lowering of the electronic Ce 4 / energy level. X-ray 
Absorption Spectra (XAS) of the M 4 5 edges (electron excitations from 3d to 4/ angular momen- 
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turn level) were recorded for several cerium based systems. In Fig. 6 a, typical XAS spectra for the 
two valence configurations Ce^"^ and Ce'^'^ are shown, using powders of the Mott insulator system 
CeFa and of the band insulator system Ce 02 , respectively (see Supplementary Note S.4 and Sup¬ 
plementary Fig. S.3 for an estimate of the exact valence). Spin orbit coupling of the 3d hole splits 
the spectrum in two edges: M 4 900 eV and M 5 882 eV. The substructures are mainly given 
by the atomic multiplet structure which is clearly different between the valences Ce^"^ and Ce"^"^. 
Peaks A to C and A’ to C’ come from the Ce^"^ multiplet while peaks D, E, D’ and E’ come from 
the Ce'^'^ multiplet. Using these features, comparison can be done with pure metallic cerium in the 
7 -phase (room temperature) and the a-phase (~ 4 K) (Eig. 6 b) as well as pure and cadmium doped 
CeCoIns (at ~ 4 K Eig. 6 c). The direct comparison is possible due to the absence of dichroism 
effects. No dichroism is present in the powders and in the amorphous cerium metal as all directions 
are averaged. The absence of dichroism in CeCoIns was reported in and confirmed during the 
present experiment. 

We obtained that both the a and 7 metallic phases of cerium are composed of z// ~ 62 % of 
Ce^"^, or a valence of ~3.38. The variation of valence between the two phases is less than 0.03. 
We cannot exclude the formation of an oxide layer on the metallic cerium during the few minutes 
needed to transfer the sample into the chamber, but the value of Uf is in good agreement with 
the 57 % of Ce^"^ found previously in the a phase on an in-situ evaporated cerium film^^. The 
absence of valence variation is in agreement with Compton scattering experiments^^ A positron 
annihilation experiment has revealed a valence in the range 3-3.5 for both a— and 7 — Ce phases'^^. 

Similarly, a value of = 85 % Ce^"^ or a valence of ~ 3.15 is obtained for the two CeCoIns 
systems. The variation of valence with chemical pressure is less than 0.02. On the pure system 
a magnetic field up to hqH = 6.5 T in the orientation H \\ c was applied without modifying the 
valence. See Supplementary Note S.5, Supplementary Table S.3 and Supplementary Eig. S.4 for 
details. Eor CeCoIns both the valence value and the small influence of doping are in agreement 
with previous experiments'*'^^, even though the doping was different in those studies (Co— 7 -Rh,Ir 
or Ce—>Yb). 

As often discussed in the literature (see e.g. 40) the absence of strong valence variations 
invalidate the promotional model for the transition between the a and 7 phases of metallic cerium. 
Similarly, no strong variation of valence occurs with doping in CeCo(Ini_ 3 ;Cda;) 5 . The absence 
of valence modification across the field induced QCP (hqHqcp = 4.8 T, Ref. 44) in CeCoIns is 
particularly interesting as it allows to dismiss any direct influence of the valence (promotional like 
model or valence fluctuations model) on the Ce4f “delocalization” leading to the suppression of 
the AFM phase. Indeed, CeCoIns (p = — 1.45GPa H = 0) is AEM at low temperature while 
CeCoIns (p = 0 GPa poH = 6.5 T) with the same valence is paramagnetic. The magnetic ground 
state of CeCoIns (p = 0 GPa H = 0) is unclear due to the occurrence of superconductivity. 

Eigure 7 offers a closer view of the two absorption edges for the different systems. The four 
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Figure 7: Energy lowering of the M-edge in metallic cerium and CeCo(Ini_a;Cda;)5. Details of 
the eerium XAS Mj (a) and M4 (b) edges (Fig. 6 ) are presented. Compared to the insulator refer¬ 
ences CeFs and Ce 02 the energy of the edges of the metallic samples is reduced by ~ 150 meV, 
as indicated by the vertical dashed lines. The cerium a-7 transition and the evolution of CeCoIns 
with cadmium doping are characterized by a small variation in the cerium valence (peak height) 
and in the energy of the M 4 5 edges (peak position) in opposite directions. The pattern enlarged in 
inserts is observed consistently on each peak. The error bars on the data in insets are of the size of 
the lines thickness, see Supplementary Note S .6 and Supplementary Fig. S.5. 
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Figure 8 : Energy shift in the XAS M4 5-edge for different cerium based systems. The average 
differenee in energy of the M 4 5 absorption edges of eaeh system eompared to the average value of 
metallie eerium is plotted versus the valenee for CeFa, Ce 02 (blaek), CeCoIns, CeCo(Ini_ 2 ;Cda ;)5 
p = —1.45 GPa (blue), metallie eerium in the a and 7 phase (green). The red line represent the 
shift expeeted due to the variation in ionie sereening with the modifieation of the valenee. The two 
metallie eerium phases and CeCo(Ini_ 2 ;Cd 3;)5 are elearly loeated below this line, suggesting an at 
least partial band formation of 4/ angular momentum eharaeter. 


metallie systems display a systematie energy lowering of the absorption peaks eompared to the 
insulator referenees, as indieated by the dashed vertieal lines. Sueh an energy shift ean either be 
due to an inerease in the energy of the initial 3d state or a deerease of the energy of the final 4/ 
state. Modifieation of eoordination ehemistry or in other words of the dispersion of the eleetron 
eloud surrounding eaeh atom will modify the eharge sereening of the eerium ion. The variation in 
Coulomb interaetion affeets the energy of the surrounding eleetrons and partieularly the ones on 
eore orbitals sueh as the initial 3d state. In insulator systems sueh flow of eharge is direetly related 
to the ion valenee. A linear relation between the absorption edge energy shift and the valenee was 
found at the vanadium K-edge^^, the rhenium L-edge^® and the eerium L-edge^’, using for eaeh 
element different alloys to obtain different valenees. In the two first systems, the energy shift of the 
pure metallie element follows the same linear relation, assuming an ionie sereening or equivalent 
valenee of 0 , eorresponding to the formation of an eleetronie band. 

Taking the derivative of the XAS speetra, the energy position of the maximum of eaeh ab¬ 
sorption peak was determined. The shift of energy of eaeh peak eompared to the average value of 
the metallie eerium systems is then ealeulated. As this shift is found to be independent from the 
absorption peak energy (A-E, A’-E’) the average value and standard deviation are plotted in Eig. 8 
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versus the valenee. The energy shift expeeted due to the variation of ionie sereening for different 
valenees is extraeted from the insulators systems (red line in Fig. 8 ). The two metallie eerium 
phases and CeCo(Ini_j.Cd 3 ;) 5 , are elearly loeated below this line, and the shift is not direetly re¬ 
lated to the valenee. In analogy to the ease of vanadium and rhenium, this ean be attributed to a 
stronger variation of the ionie sereening due to the formation of a metallie band of partial Ce 4/ 
angular momentum eharaeter. 

Similarly, a weak hybridization of the Ce 4/ final state, either due to the Kondo effeet or to 
the formation of 4/ metal ligands (Mott-like deloealization) would result in a shift of the M 4 5 -edge 
to lower energy. Sueh interpretation is eorroborated by the observation of a eomparable deerease 
~ 0.2 eV of the 4/ state energy level in CeCoIns eompared to CeRhIns in a x-ray photoemission 
experimenC^. CeRhIns is usually eonsidered as fully loealized. We note that in pure eerium 
the Kondo energy must be substantially different between the 7 and a phases, as the effeetive 
quasipartieles mass strongly varies between m* ~ 6 mo in the 7 -phase and m* ~ 20 mo in the a- 
phase"*^. If the energy shift was due to the Kondo effeet we would expeet a substantially different 
shift between the a and the 7 phase, in eontrary to the experimental observations (Fig. 8 ). As the 
value of the shift is very similar in the CeCo(Ini_ 3 ;Cd 3;)5 systems it is likely that the same effeet is 
responsible for the shift in all four systems. 

The two meehanisms that might deerease the energy of the absorption edge imply the for¬ 
mation of a narrow eleetronie band of partial Ce 4/ angular momentum eharaeter. We therefore 
eonelude that the presenee of Ce 4/ metal ligands is the main reason leading to the energy shift 
in the M 4 5 -edges XAS of a and 7 -phase eerium and in CeCo(Ini_ 2 ,Cd 3 ;) 5 . Similarly, seanning 
tunneling speetroseopy experiments^®’^* have found indieations for a narrow band of strong 4/ 
eleetronie eharaeter in CeCoIns whieh is absent in CeRhIns. 

A eloser look at the different XAS speetra of pure eerium (insets Fig. 7) reveals that the 
a-phase is slightly more loealized than the 7 -phase both in terms of valenee (z^(a) < z^( 7 )) and 
hybridization (dE{a) < dEi^)). In eontrary, the valenee is higher in the eadmium doped than in 
the pure CeCoIns systems, while the hybridization is inereased. The behaviour enlarged in insets 
of Fig. 7 is observed eonsistently on eaeh peak. A quantitative estimate of these variations is given 
in Table S.3 using Eq. (U), assuming a fixed eontinuum eontribution. Sueh opposite behaviours, 
indieate that the nature of the magnetie transition in CeCo(Ini_ 3 ;Cd 3;)5 under ehemieal pressure 
and between the eerium a— and 7 — phases is different. 


Discussion 

Due to theoretieal eonsiderations it is often assumed that Ce 4/ orbitals do not direetly partieipate 
to metallie bonding. The reason is that the radius of maximum eleetronie density for Ce 4/ orbitals 
is a faetor 4 smaller than the one of Ce 5d6s^ orbitals. In a eompound, the average distanee 
between the eerium and other nuelei is dominated by the Ce 5d6s^ eharaeter bands formation and 
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therefore bands of partial Ce 4/ orbital momentum charaeter are assumed to have a higher energy 
than loealized Ce4/ orbitals (see e.g. Ref. 30). 

The large eoherenee length observed in the neutron diffraetion experiment suggests homoge¬ 
neous magnetic moments, which indicate that each site has the same mixed valence. This appears 
incompatible with a fully localized picture of Ce4/ electrons in which the valence of individ¬ 
ual atoms can only take integer values. The /rSR and neutron scattering experiments probe the 
magnetic order on different time and length scales. Indeed long range magnetic order is observed 
starting from a coherence of a few unit cell in the muon case, while the magnetic order revealed 
by the neutron Bragg peaks has a coherence length that exceed lOOA. One could therefore as¬ 
sume the existence of two separate magnetic orders. The first one, G-type commensurate localized 
antiferromagnetism would give no muon signal and the neutron Bragg peak, while the second in¬ 
commensurate order, with short coherence length would be responsible for the muon signal. This 
scenario gives however no explanations why the two orders would have the same amplitude or 
why the short range magnetic order was not detected by neutron diffraction. A short range order 
would give a broader diffraction peak but should still be observed. A more convincing explanation 
is found by looking at the time scales of the two probes: r ~ /is for the muons, while r ~ps 
for the neutrons. A magnetic order occurring in a band of partial Ce4/ character, such as the one 
revealed by the XAS measurements, is expected to have both localized and itinerant structures. 
On short time scales, the 4/ character dominates, with electrons found preferentially at the cerium 
position and domains with magnetic moment localized on the cerium site will be probed. Due to 
the electronic motion of the Ce 4/ electrons, the size of these commensurate magnetism domains 
will shrink at larger time scales, and the incommensurate structure formed by the itinerant charge 
carriers will be probed. Such incommensurate magnetism is expected to generate a Bessel type de¬ 
polarization function for the /rSR asymmetry signal, as observed experimentally^^. The time scale 
of such crossover depends on the electronic motion and can vary between different systems. In 
CeCo(Ini_ 3 ;Cd 3;)5 we expect this time scale to be within the six orders of magnitude of difference 
in sensitivity between the neutrons and muons probes. 

In this study we report three different indications for the presence of a band of partial Ce 4/ 
character in CeCo(Ini_ 3 ;Cda;) 5 . (i) The mixed valence of cerium is incompatible with Ce^+ 4/ 
electrons of full localized orbital character, (ii) The energy shift observed in XAS measurement, 
and (iii) the observed yuSR and neutron signals of the magnetic order are expected in case of 
a narrow electronic band of partial Ce4/ character. In CeCo(Ini_ 3 .Cda;) 5 , Ce4/ electrons are 
therefore simultaneously “delocalized” by ligand formation, as indicated by the presence of a band 
of partial Ce 4/ character, by the Kondo effect, as indicated by the large quasiparticles effective 
masses, and through the mixed valence of the cerium atom. Under chemical or hydrostatic pressure 
one of these “delocalization” mechanisms is modified and leads to the disappearance of the AFM 
order. 


For a valence fluctuations induced AFM phase transition we would expect a variation of va¬ 
lence of 0.1-0.7^^’^^ at the transition, incompatible with the experimental results both in CeCo(Ini_ 3 .Cd 3;)5 
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and metallic cerium. As the effects on the XAS spectra of the cerium a -7 transition and upon 
cadmium doping in CeCo(Ini_ 3 ;Cd 3;)5 are different, we may ascribe them to the two other “de- 
localization” mechanisms: Kondo effect and electronic band broadening (Mott “delocalization”). 
The strong variation of effective mass in metallic cerium between the a and 7 phases"^^ suggests 
a modification of the Kondo hybridization for this transition^^. By elimination we find that the 
suppression of magnetism in CeCo(Ini_ 3 ,Cd 3;)5 with applied chemical/hydrostatic pressure, is cer¬ 
tainly due to the broadening of a band of partial Ce 4/ character. 

In our previous /iSR work on CeCoIns under pressure*^ we had found a doubling of the SC 
carrier density, in a band of strong 4/ orbital momentum character, between 0 GPa and 1 GPa. This 
is compatible with the band broadening expected for an increased cerium-cerium hybridization un¬ 
der pressure. As in the ferromagnetic case, band antiferromagnetism is driven by a “Stoner like” 
criterion for antiferromagnetism^'*. The magnetic order can be suppressed due to band broadening 
under pressure, while cadmium doping can both reduce the electronic bandwidth by “negative” 
chemical pressure and increase the hole density of state. Both effects are favourable for the re¬ 
alization of the “Stoner like” criterion for antiferromagnetism and would at some point lead to a 
phase transition. The equivalence between cadmium doping and hydrostatic pressure is in such a 
case naturally understood. 

When the “delocalization” occurs via the Kondo effect, localized electrons are introduced 
into the main Fermi surfaces of low 4/ angular momentum character. In contrary, Ce 4/ ligand 
formation or band broadening, constitute a band of substantial 4/ angular momentum character. 
For fully itinerant systems such as CeCo(Ini_ 3 ,Cd 2 ;) 5 , the interaction between the two “delocaliza¬ 
tion” mechanisms will produce an electron transfer between different Fermi pockets, reminiscent 
of the proposed Kondo breakdown scenario^^, but also indicating that carrier concentration is an 
important parameter for the SC phase diagram in CeCoIns possibly as important as in the case of 
high-Tc cuprates. 

In conclusion, we have investigated the antiferromagnetic state of CeCo(Ini_ 3 ;Cda ;)5 com¬ 
bining three different experimental probes: neutron scattering, muon spin rotation and X-ray ab¬ 
sorption spectroscopy. Using neutron diffraction we confirmed the commensurate nature of the 
long range antiferromagnetic order at short time scales and the absence of secondary magnetic 
Bragg peak. We established the value of the magnetic moment for a different doping as the one 
reported in the literature (~ 0.4 /i^ for a sample with Tc~Tn). We used muon spin rotation to 
probe the magnetic field at two centers of symmetry of the cerium sublattice. We measured a mag¬ 
netic field that matches the expected average magnetic field generated by the magnetic moments 
of amplitude obtained in the neutron diffraction experiment. We observed that the position of the 
absorption edge in X-ray absorption spectroscopy is reduced toward lower energies in the case of 
CeCo(Ini_ 3 ;Cda ;)5 and metallic cerium compared to reference insulating materials. The presence of 
a narrow electronic band of partial 4/ character was identified as a possible reason for this energy 
shift. Depending of the timescale such a narrow electronic band can display either localized or 
itinerant properties corresponding to the neutron and muon signals. 
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The magnetic and superconducting volume fractions (~ 100% and ~ 81% respectively) 
were extracted from the muon spin rotation experiment, directly assessing the microscopic coex¬ 
istence of the two orders. The large magnetic fraction together with the evolution of the internal 
magnetic field strongly question the proposal of magnetic island for this system and suggests that 
the concept of non-superconducting island is more appropriate. 

A detailed analysis of the mixed valence in CeCo(Ini_ 3 ;Cda ;)5 demonstrated the absence 
of valence variation with doping and under magnetic field, notably across the quantum critical 
point. The evolution of fine structures in the X-ray absorption spectra indicate that the a — 7 
phase transition in metallic cerium has a different nature than the magnetic phase transition in 
CeCo(Ini_ 3 ;Cda;) 5 . Assuming that the Kondo effect dominates the physic of metallic cerium we 
conclude that a broadening of the Ce 4/ band is the main reason for the suppression of the mag¬ 
netic order in CeCo(Ini_^Cda;) 5 . 

These results provide a new approach on the superconducting coupling mechanism in this 
system by revealing the nature of an instability coexisting with superconductivity. 


Methods 

Neutron scattering measurements were carried out on the cold neutron three axis spectrome¬ 
ter IN12 located at ILL, Grenoble. The initial neutron beam is provided by a double focus¬ 
ing pyrolithic graphite (PG) monochromator. Higher order contamination is removed before the 
monochromator by a velocity selector. Diffraction measurements were carried out using a PG 
analyzer operated in a flat (non-focusing) geometry in order to reduce the background. The spec¬ 
trometer was setup in W configuration with open-open-open collimations. The initial and final 
neutrons wave-vectors were ki = kf = 2.6 A~^, chosen in order to minimize the neutron absorp¬ 
tion of Co, In and Cd. The single crystal sample, of equivalent negative pressure p = —0.7 GPa 
and of dimensions: ~ 5x7x0.2 mm^ is the largest of the pieces used for the pSR experiments. 
It was mounted in a helium-4 cryostat with the [1, -1, 0] axis vertical, the scattering plane being 
thus defined by [1,1,0] and [0,0,1]. The notations used are as follow : The scattering vector Q is 
decomposed into Q=T-i-k, where r is a reciprocal lattice vector corresponding to a Brillouin zone 
center position and k is the propagation vector for a given magnetic structure. The Cartesian coor¬ 
dinates, H and L, of the scattering vector Q are expressed in reciprocal lattice unit (r.l.u.) (Q={H, 
H, L)). The Bragg peaks were fitted by a resolution limited Gaussian lineshape at 1.45 K and by 
a convolution of a Lorentzian with a resolution limited Gaussian at 2.01 K. The temperature varia¬ 
tion of the magnetic intensity was fitted by the phenomenological function, / oc 1 — (T/T^v)" with 
Tjv=2.09(2) K and a=6.4(3). To estimate the magnetic moment, the (3/2, 3/2, 1/2) Bragg peak was 
considered and its intensity was normali z ed to the structural Bragg peak reflection (1,1,0). The 
similar scattering geometry of these two peaks leads to comparable corrections factors (Lorentz 
factor, absorption). For the magnetic peak, the Ce^’*' magnetic form factor was considered. The 
magnetic reflection (3/2,3/2,1/2) is relevant to address the two cases of magnetic moment direction 
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given by group theory in a purely loealized seenario (c-axis or in plane orientation). For these two 
possible spin orientations, the moment is found to be ~ 0.3^b (c-axis orientation) and ~ 0.5^b 
(in-plane orientation), whose average is given in the main text. 

Muon Spin Rotation (/iSR) experiments were performed at the Swiss Muon Souree (S/iS), Paul 
Seherrer Institut (PSI), Switzerland, using the GPS and the LTF speetrometers. In a /xSR experi¬ 
ment spin polarized positively eharged muons are implanted into a sample. Due to their positive 
eharge, the muons only stop at well defined loeations in the unit eell, ealled the muon stopping 
sites. The initial muon spin orientation ean be rotated by up to ~ 60° before implantation in the 
sample of dimensions 8 x 12x0.2 mm^. Within the present study, a mosaie of 8 (p = —0.7 GPa) 
and 11 (p = —1.45 GPa) single erystals were used. In the presenee of a loeal magnetie field at 
the muon stopping site the muon spin preeesses at its Larmor frequeney = 7^5;^, where 
7 ^ = 135.54 • 10® HzT"^ is the gyromagnetie ratio of the muon. The muon deeays with a life 
time of = 2.2 ps into a positron and two neutrinos. Due to parity violation the deeay positron 
is preferentially emitted along the muon spin direetion. Forward (-f) and baekward (—) positron 
deteetors with respeet to the initial muon spin polarization are used to monitor the pSR asymmetry 
speetrum A(t): 

Ni{t) = Nio exp (-f/v) [1 ± A{t)] + Ci (2) 

where Ni{t) is the positron eount histogram on deteetor i. N^i and Ci are eonstants. 

In zero applied external magnetie field, the relaxation of A{t) in the paramagnetie state is 
due to the nuelear moments and follows the so-ealled Kubo-Toyabe {KT) relaxation funetion^^. In 
the presenee of a statie or quasi-statie long range magnetie order at the muon stopping sites, A{t) 
oseillates with time^^. For CeCo(Ini_ 3 ;Cda;) 5 , the evolution of A{t) is presented in Fig. 3a, with 
speetra taken above and below Tn. While the frequeney of the oseillations depends on the absolute 
value of the loeal magnetie field, the amplitude is related to the fraetion and the relative orientation 
of B^. We may eonsider A{t) as the sum of four different eontributions: The muons stopping in the 
silver sample holder give rise to a weak relaxation, visible at large time when eontributions from 
the muons stopping in the sample have vanished (First term of eq. [3]). A potential non-magnetie 
fraetion would lead to a KT relaxation as observed above TN(Seeond term of eq. [3]). A magnetie 
fraetion gives rise to two additional terms in A{t) whose amplitude depends on the angle a between 
and the initial muon spin orientation S: an oseillating term for S A B^ (Third term of eq. [3]) 
and an exponential damping for S || B^ (Fourth term of eq.[3]). 

A{t) = 

Abs exp(-7^Asgf) 

+^5(1 — fM)KT{'^^KKT-, t) 

+AsfM ^ ^ 

[(sin^(a))Pz(f, Bm) exp(- 7 ^Apf) 

-f (cos^(a)) exp(- 7 ^Apf)] 

Here Ai (i = Bg& S) are initial asymmetries, fs = As/{As + Asg) represents the fraetion of 
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muons stopping in the sample and /m is the magnetie fraetion. Akt and Asg are the field distri¬ 
butions due to nuclear moments in the sample and sample holder. The two other damping rates 
and Ap are free parameters. We have used a standard value of = 0.05 mT for the damping of 
the signal in the background, while Akt — 0.45 mT was found above Tn setting /m = 0 (empty 
symbols in Fig. 3a). Two different experimental configurations (inset Fig. 3) allow to implant 
muons with S either parallel (||) or perpendicular (A) to the sample c-axis. Naming 9 the angle 
between and c, we obtain a = 9 for the configuration || and (cos^(q!)) = (1 — (cos^( 0)))/2 
and {sin^(a)) = (1 + (cos^(6')))/2 for the configuration A. Therefore, the asymmetries of the 
three different muon detectors configurations, schematically drawn in Fig. 3, can be fitted simulta¬ 
neously using Eq. ([3]). The depolarization function Pz{t, Bm) can be either a sum of cosines or a 
Bessel function depending on the magnetic structure, with B^ the mean or respectively maximum 
field present at the muon stopping site. The field distribution p{Bg) obtained by Fourier transfor¬ 
mation of the sample contribution to the asymmetry (Fig. 4 ) has clearly more the form of Eq. ([T]) 
corresponding to the Bessel depolarization function than a sum of Dirac distributions centered at a 
finite magnetic field that would correspond to cosine depolarization functions. Detailed results of 
the fits performed in the time domain using the free software package MUSRFIT^^ are presented 
in Supplementary Notes S.2 and S.3 and Supplementary Table S.2. 

X-ray Absorption Spectroscopy (XAS) experiments were performed at the Swiss Light Source 
(SLS), Paul Scherrer Institut (PSI), Switzerland, using the X-Treme beamline, recording the total- 
electron-yield (TEY) current^^. The metallic samples of a typical size of 2x2x0.1 mm^ were glued 
with silver epoxy on a copper sample holder, cleaved or scratched in a Nitrogen atmosphere glove 
box before installation. The metallic cerium sample was annealed in vacuum at 750 K before 
the experiment to insure a full 7 phase composition. The insulating powders were embedded in an 
indium foil to insure good electrical and thermal contact. In a XAS experiment, core level electrons 
are excited to the valence band by a monochromatic photon beam. When the core vacancies are 
refilled. Auger electrons are emitted, which scatter with other electrons in the material generating 
a TEY current between sample and ground. This current is normalized by the incoming beam 
intensity at each energy, monitored on a focusing mirror. The integral of the TEY spectra were 
normalized between 865 meV and 920 meV, after subtraction of the edge continuum (a Eermi step 
function centered at the M4-edge maximum was used). Each spectrum is the average of 15 energy 
scans of 3 minutes each. The experiment was repeated at different sample positions without any 
significant modifications. None of the samples displays a linear dichroism as reported in Ref. 41. 
The resolution is discussed in the Supplementary Note S. 6 . 

In order to extract the valence of the metallic systems, the edges continuum was first sub¬ 
tracted on each XAS spectra. The spectra of CeEa (XASceF 3 (-E)) and Ce 02 (XASce 02 (-E)) were 
then parametrized and used to fit the other spectra as: 

XASi{E) = Uf ■ XASceF 3 (-£' A dE) A (1 — i^f) ■ XASce 02 (-E' A dE) (4) 

with 4 — z// the cerium valence of the analyzed system and dE an energy shift. The fitted results 
are presented by dotted lines in Eig. 6 and the parameters reported in table S.3. 
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Time and length scales of the /iSR and neutron scattering experiments. The muon interaction 
time scale can be estimated using the precession frequency of the muon spin: ~ 1, —)■ 

^ /iS. For a /iSR experiment a static or quasi-static long range magnetic order means that 
clusters ranging from a few unit cells to the whole sample, order statically on a time scale of a few 
fis. For the setup used in the neutron scattering experiment, the magnetic ordering is long range on 
the scale of at least 300 A and static on the a scale of ~ps, the neutron scattering interaction time 
scale. 
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5.1 Sample characterization 

Single crystals of the tetragonal system CeCo(Ini_ 3 .Cd 2.)5 were grown by the self-flux technique 
with different nominal cadmium concentrations The actual cadmium concentration is much 

less^ than the nominal concentration x and depends on details of the sample growth. X-Ray 
Diffraction (XRD) indicates an actual concentration 10 times smaller than the nominal one. 
Two types of transitions are observed in the temperature dependence of the specific heat (Fig. IS. II) . 
The sharp jump is characteristic of the SC transition (Tc), while the broader transition corresponds 
to the magnetic order (Tn). The green line in Fig. IS.II represents a fit discriminating the two tran¬ 
sitions in sample x = 0.06, using the shape of closely related samples {x = 0.03 and x = 0.09, 
dashed lines). Following the work of Ref. 4 the chemical pressure produced by the cadmium 
dopant in CeCo(Ini_ 3 .Cda ;)5 samples can be assimilated to a negative hydrostatic pressure (p) on 
the parent system CeCoIns. Indeed, under hydrostatic pressure CeCo(Ini_^Cda ;)5 samples have a 
phase diagram very similar to CeCoIns with a shift in the pressure scale of ~ 0.14 GPa per percent 
of nominal doping x^'^. To allow comparison with previous work the samples are named according 
to their corresponding hydrostatic negative pressures in this work. The corresponding hydrostatic 
pressure is determined by comparison of the AFM and SC transition temperatures to the ones re¬ 
ported in the literature. Transition temperatures and equivalent pressure for the samples presented 
here, are reported in table lS.il 

5.2 Analysis of the /iSR spectra at 1.6 K 

The yuSR spectra in absence of a magnetic field were fitted using Eq. ([3]) and a Bessel depolariza- 
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tion function. The results for the two different initial muon spin orientations (|| and _L) at 1.6 K 
are presented in table IS.2[ The redueed stopping fraction in the sample p = —0.7 GPa with config¬ 
uration ± compared to the other sample is understood due to a sample holder with larger mount. 
The baekground eontribution is represented by the dashed line in Fig. [3l The parameters for the 
temperature dependence are presented in the next seetion. 

S.3 Temperature dependence of the /iSR spectra 

For the temperature dependence of the ZF pSR speetra, only the eonfiguration S' || c was used. 



T(K) 


Figure S.l: Temperature dependenee of the speeifie heat in CeCo(Ini_ 3 ;Cda;) 5 , x stands for the 
nominal doping value. The step like transition indicates the onset of supereonduetivity (T^), while 
the broader transition eorresponds to the magnetie transition at the Neel temperature (Tn). The 
green line is a sum of the parameterized eurved (x = 0.03 and x = 0.09, dashed eurves), sealed and 
shifted in temperature to fit the speeifie heat eurve of the CeCo(Ini_i;Cda ;)5 sample with x = 0.09. 
It was used to determine and Tn for the sample of nominal doping x = 0.09, as the features of 
the two transition temperatures overlap. 


X 

Tc(K) 

Tn(K) 

p (GPa) 

/iSR 

XAS 

0 

2.21(2) 

0 

0 

Ref. 6 

Yes 

0.03 

2.14(2) 

< 0.3 

-0.4 

- 

- 

0.06 

1.95(2) 

2.06(2) 

-0.7 

Yes 

- 

0.09 

0.515(15) 

3.44(2) 

-1.45 

Yes 

Yes 


Table S.l: SC and AFM transition temperatures for samples of various CeCo(Ini_ 2 ;Cd 3;)5 nominal 
compositions. Corresponding negative hydrostatic pressures and experiments performed are also 
indicated. 
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The yuSR asymmetry speetra were fitted globally with a simplified version of Eq. (|3]) (a = 90°). 
This simplifioation leads to a slight deerease in the fit quality. The perpendieular contribution is in 
such a model included in the background contribution: A sg was a free, temperature independent 
parameter. The AFM transition of the two CeCo(Ini_ 3 ;Cda ;)5 samples {p = —0.7 GPa and p = 
— 1.45 GPa) can be obtained following the temperature dependence of Bm (Fig. IS.2h l. 

A temperature dependence of the form: B{T) = B{f^)^/T^^JTJT^ was used. The values 
a = 1.8(3) gives the best agreement for sample p = —0.7 GPa. For the sample p = —1.45 GPa we 
found a = 3.7(7) and Tn= 3.38(2) K in agreement with the specific heat transition (3.44(2) K). 
For the sample p = —0.7 GPa the transition is more difficult to pinpoint as we observed a phase 
coexistence in the temperature range 1.6 K< T <2.3 K. In this range, the /iSR asymmetry spectra 
(Fig. IS.2b l is the sum of a Kubo-Toyabe and an exponential decay contributions (Eq. (jS]) with 0 < 
/m < !)• The non-magnetic contribution observed at 1.91 K & 2.06 K is highlighted in Fig. IS.2b 
by the dashed area, that corresponds to a fraction of the normal state contribution (2.27 K). In 
Fig. IS.2b . even a small non-magnetic fraction is clearly observable, as the Kubo-Toyabe function 
drastically differs from the Bessel depolarization function characteristic of the magnetic phase. In 
contrary, there is no signs of a Kubo-Toyabe contribution in Fig. [3l indicating that the magnetic 
fraction is of 100% below 1.6 K in sample p = —0.7 GPa, and in the full temperature range 
investigated for sample p = —1.45 GPa. 

The fact that the temperature dependence of the internal field measure by /iSR differs from 
the temperature evolution of the amplitude of the magnetic moment measured by neutron diffrac¬ 
tion, might be due to a larger doping distribution in the /iSR experiment than in the neutron diffrac¬ 
tion experiment. At large length scale such as probed by neutron diffraction, the average antifer¬ 
romagnetic moment is reduced by the occurrence of superconductivity This effect should differ 
on a length scale smaller than the superconducting coherence length such as probed by /iSR and is 
possibly another reason for the different temperature dependencies. 

The transition is better observed in the temperature dependence of the damping parameter 
(A) measured in longitudinal field (poH = 10 mT). The /rSR asymmetry spectra were fitted using a 
dynamic Kubo-Toyabe depolarization function. The temperature dependence of A is presented in 


p (GPa) 

Bm (mT) 

en 

fM (%) 

Ap (mT) 

Ap (mT) 

fs\\ (%) 

fs± (%) 

-0.7 

-1.45 

6.5(2) 

11.2(1) 

50(2) 

74(2) 

93(1) 

100(1) 

2.3(1) 

3.1(1) 

1.41(1) 

4.0(7) 

86(1) 

75(1) 

27(1) 

51(3) 


Table S.2: Parameters for the fit of the /rSR asymmetry of the CeCo(Ini_j;Cd 3;)5 sample at 1.6 K 
(Fig. [3]). Bm is the amplitude of the maximum magnetic field at the muon stopping site, 9 the angle 
between B^ and the sample c-axis, /m the magnetic fraction and fs{±/\\) the fraction of muons 
stopping in the sample, for the two experimental configurations. Ap and A^ are the two damping 
rates defined in Eq. ([3]). 
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b 


^^H=0 


2.27(1) K 
2.06(1) K 
If 1.91(1) K 



Figure S.2: (a) Temperature dependence of the internal magnetic field for CeCo(Ini_a;Cdj ;)5 p = 
— 1.45GPa and p = —O.TGPa. In the sample p = —0.7GPa a phase separation between an 
antiferromagnetic and non-magnetic (represented by the dashed areas) part is observed in the range 
1.6 K< T <2.3 K (b). For the same sample the temperature dependence of the relaxation rate A in 
a longitudinal field is reported in the inset of panel (a). 

inset of Fig. [S^ . It gives Tn— 2.31 K, which is substantially higher than the specific heat transition 
(2.06(2) K), suggesting some distribution in the cadmium dopant concentration. From the phase 
diagram (Fig.[T]), this doping distribution can be estimated to a maximum of 5p < 0.15 GPa that 
corresponds to an effective doping variation of 5x < 0.001. Such a small doping distribution 
can occur between the different single crystals forming the sample mosaic or even within a single 
crystal. 

S.4 Valence of reference systems for XAS measurements 

The valences of the reference systems CeFs and Ce02 were extracted via the temperature depen¬ 
dence of the susceptibility of the two systems. Indeed, CeF 3 and Ce02 do not have necessarily 
pure 3-1- and 4-i- valences due to the possible formation of CeF 4 and Ce 203 phases. The effec¬ 
tive valences were measured via the moment of the cerium extracted from the Curie temperature 
dependence of the susceptibility: x{T) = C/T. The Curie constant has the form: 

C = ^NAgjJ{J+l) (5) 

3k B 

where po is the vacuum permeability, /tb is the Bohr magneton, ks is the Boltzmann constant, Na 
is the Avogadro number, gj is the Lande ^f-factor, and J is the angular momentum. The magnetic 
moment is obtained as: 

m = gj\/ J{J + 1 )pb (6) 
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Figure S.3: Low temperatures Curie-Weiss suseeptibility of the referenee powder insulator sys¬ 
tems CeFs and Ce 02 . 


System 

V 

dE (meV) 

“delocalization” 

7 -Ce (T = 300 K) 
a-Ce (T ~ 4 K) 

0.398(2) 

0.374(1) 

t 

175(2) 
158(2) ' 

t 

CeCoIns p = 0 GPa 
CeCoIn 5 p= -1.45 GPa 

0.142(1) 

0.154(2) 


153(1) 
145(2) ' 

t 


Table S.3: Evolution of the Ce 4/ valenee O+u) and of the Ce 4/ level hybridization (dE), obtained 
using Eq. dH). The values and errors are given assuming a fixed eontinuum eontribution for eaeh 
speetrum. The arrows indieate the observed physieal “deloealization” (last eolumn), as well as the 
one expeeted from the evolution of the parameters u and dE. 


No moment is expected for cerium in the 4+ valence case m 4 + = 0 while for the 3-i- contribution, 
Eq. ® gives: 1713 + = 2.54 fiB- The susceptibility of the two reference powders was measured in a 
SC quantum interference device (SQUID) (Eig. lS.3l) . We obtained that the reference systems CeEs 
and Ce 02 are at 100(1)%, respectively 4(1)% in the 3-i- state. Including the deviation of Ce 02 
from a pure 4+ state has no influences on the results discussed in the main article. 

S.5 Parameters for the fits of the XAS spectra and evolution of the XAS spectra of 
CeCoIns under magnetic field 

In order to obtain the valence of a and 7 metallic cerium as well as of CeCo(Ini_ 3 .Cda ;)5 p = 0 GPa 
and p = —1.45 GPa, their XAS spectra were fitted with Eq. dH). The results are displayed in 

table O 
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Figure S.4: Evolution of XAS spectra in CeCo(Ini_ 3 ;Cda :)5 with doping and under magnetic field. 
In the bottom panel the normalized difference between the different spectra and a reference one 
X = 0, H = 0atT ~4Kis plotted. The regions of low XAS absorption are not presented as the 
normalized difference between the spectra has less meaning. 
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Figure S.5: Resolution of the XAS experiment on CeCo(Ini_ 3 ;Cda:) 5 . Insets are details of the XAS 
speetra at the position indieated by the blaek and green lines. Full grey and pink areas represent 
the standard deviation of the speetrum at eaeh energy. Blaek and red areas represent the error in 
absolute energy position of the full XAS speetra. 

The absenee of valenee variation in CeCo(Ini_ 3 .Cda ;)5 with eadmium doping, does not di- 
reetly imply that the magnetie transition is unrelated to a sizable variation of the valenee, as the 
QCP possibly related to the AFM phase oeeurs under hydrostatie pressure^ or magnetie field^. 
However, the magnetie field evolution up to 6.5 T of the XAS speetra of pure CeCoIns at low 
temperature (~ 4K) presented in Fig. IS.41 allows sueh a eonelusion. In the lower panel the normal¬ 
ized differenee to a referenee speetra (H = 0 T T ~ 4 K) indieates the absenee of strong valenee 
variation aeross the field indueed QCP {Hqcp = 4.8 T). The differenees in XAS speetra between 
different magnetie fields are in faet smaller than for different doping. The absenee of valenee vari¬ 
ation with eadmium doping in CeCo(Ini_ 2 ;Cda ;)5 and under magnetie field in CeCoIns indieates 
that the “deloealization” meehanism responsible for the AFM transition is not a valenee transition. 

S.6 Energy stability of XAS spectra 

The resolution of the instrument is given by the wavelength bandwidth of the photon beam, whieh 
is ~ 100 meV at the eerium edge. The energy resolution only determines the size of struetures 
in the speetrum whieh ean be resolved. The energy shifts we observe do not have to do with 
energy resolution, but rather with the energy stability whieh measures how reprodueible or reliable 
is the photon energy. To quantify the energy stability, we ealeulated for eaeh speetrum, using the 
15 energy seans, the standard deviation at eaeh energy (full grey and pink areas in Fig. IS.51) . As 
shown by the different zooms in Fig. IS.51 the full eurves are systematieally shifted one relative 
to the other. The standard deviation in the position of the full XAS eurve is therefore about the 
standard deviation of a single energy point divided by the square root of the total number of points 
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with a significant energy shift (red and blaek area in Fig. IS.5I) . The differenee between the two full 
XAS eurves is statistieally signifieant. 
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